A positive retroregulator that enhances the expression of an upstream gene(s) has been identified. It resides within a 381-base pair (bp) restriction fragment containing the transcriptional terminator ofthe crystal protein (cry) gene from Bacillus thuringiensis vs. Kurstaki HD-1. This fragment was fused to the distal ends of either the penicillinase (penP) gene of Bacillus licheniformnis or the interleukin 2 cDNA from the human Jurkat cell line. In both cases, the half-lives of the mRNAs derived from the fusion genes were increased from 2 to 6 min in both Escherichia coli and Bacillus sublilis. Synthesis of the corresponding polypeptides in the bacteria carrying the fusion genes was also increased correspondingly. The enhancement of expression of the upstream genes was independent of the insertional orientation of the distal cry terminator fragment. Deletion analysis showed that the locus conferring the enhancing activity coincided with the terminator sequence and was located within a 89-bp fragment that includes an inverted repeat, the 19-bp upstream-, and the 27-bp downstreamflanking sequences. We propose that transcription of the retroregulator sequence leads to the incorporation of the corresponding stem-and-loop structure at the 3' end of the mRNA; the presence of this structure protects the mRNAs from exonucleolytic degradation from the 3' end and, thereby, increases the mRNA half-life and enhances protein synthesis of the target genes.
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An unusual mechanism of gene regulation has been identified through studies on the regulation of the coliphage X integrase (int) gene. It has been shown that the cis-acting element sib, located distal to the int gene, negatively regulates the expression of the int gene (1, 2) . This type of regulation of a target gene by a cis-acting element distal to it, i.e., sib-controlled int expression, has been termed retroregulation (3) .
We report here the discovery of a positive retroregulatory mechanism for the control of the expression of the gene encoding the insecticidal parasporal crystal protein (cry) of Bacillus thuringiensis. Earlier work on the structural analysis of the cloned cry gene (4) suggested that a sequence in the vicinity of the transcriptional terminator of the cry gene may positively regulate the cry gene expression. It was observed that the insertion of a TnS transposon at the 3' end of the cloned cry gene resulted in a significant reduction of cry production in Escherichia coli. We have employed molecular cloning techniques to investigate the role of the 3'-end noncoding region of the cry gene in regulation of gene expression. The data presented here indicate that the sequence containing the transcriptional terminator of the cry gene functions as a positive retroregulator in controlling gene expression in both Bacillus subtilis and E. coli.
MATERIALS AND METHODS
Bacterial and Bacteriophage Strains and Plasmids. The construction of bacteriophage M13 derivatives and E. coli strain JM103 (5) and B. subtilis strain PSL1 (6) have been described. CS412 (hsdR, pro, leu, strA) is derived from C600. E. coli strains N99 (galK, sup', strr) and MA166 (galK, sup', strr, glyA::TnS, rnclO5) were kindly provided by H. Echols. Plasmids and double-stranded DNA of M13 phages were prepared according to Wong et al. (4) . Plasmids pES1 (7), pLP1201 (8) , and pLW1 (9) have been described. Plasmid pSYC667 was constructed from plasmid pSYC660 (10) by eliminating the second BamHI site located downstream from the penP gene. Plasmid pSYC795 is a derivative of plasmid pSYC423 (11) except that it contains the S27 (serine substitution at position 27) allele of the penP gene.
RNA Isolation and Filter Hybridization. E. coli and B. subtilis strains carrying various plasmids were grown in L broth at 37°C with shaking. When the cultures reached the mid-logarithmic phase of growth (A6w = 0.7), rifampicin was added to 1 mg/ml to block further initiation of transcription. Samples (7 ml) were then withdrawn from the cultures at 1-min intervals for RNA extraction. Total cellular RNA from B. subtilis and E. coli cells was extracted and purified as described (4, 12) .
The =1.0-kilobase EcoRI-Cla I fragment of PSYC795 carrying the 5' portion of the penP gene was cloned into the Sma I-EcoRI sites of the replicative form DNA from phage M13mpll after the Cla I terminus was blunt-ended by the polymerase repair reaction. The interleukin 2 (IL-2) cDNA was isolated as a HindIII-Stu I fragment from pLW1 and inserted into the HindIII-Sma I sites of M13mplO. In both cases, the genomes of the recombinant phages carry the sense strand (i.e., the strand that is complementary to the mRNAs) of the penP or the IL-2 genes. To prepare labeled single-stranded DNA probes, the single-stranded DNAs from these recombinant phages were isolated (5) and digested with DNase I (0.05 ,ug/,ug of DNA) for 20 min at 37°C. After phenol extractions, the single-stranded linear DNA fragments were dephosphorylated with bacterial alkaline phosphatase and labeled with [y-32P]ATP by polynucleotide kinase. The specific radioactivity was =3 x 106 dpm/,g of DNA.
RNAs were immobilized on 82-mm nitrocellulose filters (grade BA 85, Schleicher & Schuell). Prehybridization of the filters was carried out by the procedure of Woo (13) . Processed filters were then hybridized with the specific probes (20 ,Ag per filter) as described (14) . To ensure that an excess of DNA probes was present in the hybridization solution, the experiment employed several filters with different amounts of adsorbed, immobilized RNA (25, 50 , and 100 ,ug per sample).
Abbreviations: IL-2, interleukin 2; bp, base pair(s).
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Si Nuclease Mapping and DNA Sequencing. The derivative of M13mp9NP3 carrying a Bgl II restriction site located 87 base pairs (bp) upstream from the inverted repeat sequence in the cry terminator fragment was used for preparing the DNA probe. The 161-bp Bgl II-EcoRI fragment isolated from this recombinant M13 phage replicative form DNA was labeled at the 3' end with [a-32P]dATP using DNA polymerase I large fragment. S1 nuclease mapping of in vivo RNAs was performed essentially as described (4) . Determination of nucleotide sequence by the chemical degradation method was performed as described (15) .
Other Techniques. Methods for protein determination (16) , for transformation and preparation of competent cells of E. coli (17) and B. subtilis (18) , and for NaDodSO4/polyacrylamide gel electrophoresis of protein samples (19) were carried out essentially as described. Penicillinase activity was determined as described (20) using logarithmic-phase culture. Specific activity of penicillinase was expressed as micromoles of pyridine-2-azo-p-dimethylaniline hydrolyzed per minute per gram of protein at 25TC. IL-2 expression was induced and assayed as described (9), except B. subtilis cells were grown in broth, and the constitutive level of IL-2 was determined from the cell extracts. Other methods used for DNA manipulations were as described by Maniatis et al. (17) . (Fig. 1B) contains an inverted repeat sequence on the 5' proximal side of the Nde I site. The transcript made from this region can potentially form a stem-and-loop structure. This putative stem-and-loop structure (Fig. 1C ) is relatively rich in G+C content with a predicted AG value of -30.4 kcal, as calculated by the rules of Tinoco et al. (22) .
To facilitate the construction of transcriptional fusions between the cry terminator-containing fragment and heterologous genes, the 381-bp Pvu II-Nde I fragment was subcloned into the Sma I site of the bacteriophage M13mp9 in the orientation such that the Pvu II site was adjacent to the BamHI site in the polylinker sequence of the phage genome. The resulting recombinant phage was designated M13mp9-NP3; it contained unique EcoRI and BamHI sites flanking the insert.
Transcriptional Fusion Between the penP Gene and the cry Terminator Fragment. The recombinant plasmid pSYC667 carrying the penicillinase gene from B. licheniformis was employed for this study ( Fig. 2A ). This penP gene contains a point mutation (S27) that blocks the maturation pathway leading to the formation of penicillinase in the lipoprotein form but still allows the synthesis and secretion of the soluble forms of mature penicillinase (10) . S1 mapping data (not shown) indicated that penP mRNA, isolated from B. subtilis cells containing plasmid pSYC667, terminates in the region located downstream from the Bcl I site as is expected from studying the sequence data (23) .
To construct a transcriptional fusion of the penP coding sequence and the cry terminator-containing fragment, we replaced the Bcl I-Nru I fragment on pSYC667 containing the penP terminator with the BamHI-EcoRI fragment from the phage M13mp9NP3 replicative form DNA that carried the cry terminator ( Fig. 2A) . This generated the bifunctional plasmid pHCW-A3. Similar to the parental pSYC667 plasmid, it replicates in E. coli and B. subtilis and confers resistance to B1 and B2 indicate locations where new Bgl II sites were generated by insertion of an A or CT at the sites, respectively, using oligonucleotide-directed site-specific mutagenesis. (C) Potential secondary structure at the 3' end of the cry mRNA. chloramphenicol in these hosts. As shown in Table 1 , the E. coli and B. subtilis strains containing the pHCW-A3 plasmid accumulated 2.6-to 5.3-fold greater amounts of penicillinase than did the two strains carrying the parental plasmid pSYC667. This was further confirmed by directly measuring the penicillinase protein either in the respective E. coli cell extracts or in the culture supernatants of the B. subtilis strains (data not shown). To rule out the possibility that the differences in penP expression level were caused by differences in plasmid'copy number, we determined the enzyme activity for the chloramphenicol acetyltransferase encoded by these plasmids. Within the same E. coli or B. subtilis host strain, these two plasmids specified similar levels of chloramphenicol acetyltransferase activity. Thps the enhanced expression of the penP gene in strains carrying plasmid pHCW-A3 resulted directly from the replacement of the penP terminator with the cry terminator fragment. We conclude from these data that the cry terminator-containing fragment positively regulates the expression of the immediately proximal penicillinase gene.
The in the samples prepared from the E. coli and B. subtilis strains carrying the penP-cry fusion on plasmid pHCW-A3, indicating that the cry-derived sequence is cotranscribed with the penP gene in both of these bacterial hosts. The termination site of the transcript is located in the cry-derived sequence 4 bp downstream from the inverted repeat region (Fig. 1C) . This is identical to the stop site of the cry transcript produced in B. thuringiensis (21) . Therefore, the cry terminator is correctly recognized by the transcriptional apparatus of both E. coli and B. subtilis.
The cry Gene Retroregulator Stabilizes mRNA. The rate of decay of the penP mRNAs transcribed from plasmid pHCW-A3 and from its parental plasmid pSYC667 in E. coli and B. subtilis was determined. Cellular RNAs were isolated from exponentially growing cultures of E. coli and B. subtilis carrying either plasmid pHCW-A3 or pSYC667, and they were fixed on nitrocellulose filters. 32P-labeled single-stranded M13 DNA containing the sense strand of penP gene was then used as the hybridization probe to quantitatively measure the penP-specific RNA among the samples. The results of these hybridization experiments are summarized in Fig. 4 .
The half-lives of the penP mRNAs produced from plasmid pSYC667 in E. coli and B. subtilis were estimated to be 2.8 and 2.0 min, respectively; that from pHCW-A3 in these bacteria was 6 min. Our analysis also revealed that the cells carrying plasmid pHCW-A3 had a higher steady-state level of penP mRNA than did the cells harboring plasmid pSYC667 (Fig. 4) . This result shows that the cry-derived sequence stabilizes the mRNAs of the cotranscribed genes. Since the increase in penP mRNA stability matches closely the magnitude of increase in penicillinase enzyme in both of these Fig. 2B . The expression of the IL-2 sequence is under the control of the E. cOli trp promoter and translational initiation signal carried on this plasmid (9) . The only Stu I site located just beyond the coding region of IL-2 on pLW1 was employed for the insertion of the terminator-carrying EcoRI-BamHI fragment from M13mp9NP3. Ligation of the blunt-ended fragment carrying the cry terminator to the Stu I-digested pLW1 DNA regenerated both the EcoRI and the BamHI recognition sequences. One orientation of insertion resulted in positioning the BamHI site proximal to the IL-2 coding sequence, and the plasmid was designated pHCW701. This orientation is similar to that found in the cry mRNA, and we refer to it here as the "native" orientation. The other orientation of insertion resulted in the recombinant plasmid designated pHCW702 (see Fig. 2 C and D) . E. coli strains containing either pHCW701 or pHCW702 produced higher levels (4.6-to 7-fold) of IL-2 activity than did the strain carrying pLW1 (Table 1) . This was confirmed independently by directly measuring the amount of IL-2 protein present in these cell extracts (data not shown). Since the IL-2 gene is derived from eukaryotic source, and its expression is regulated by the trp promoter in E. coli, these results suggest that the enhancement activity associated with the terminator fragment has a broad range with regard to the target genes and the associated promoters that initiate the transcription of these genes. Furthermore, the enhancement effect of the terminator fragment is independent of its orientation to the direction of transcription of the upstream target gene.
Plasmid pHCW300 was constructed from the bifunctional plasmid pLP1201 to test the enhancement of IL-2 gene expression in B. subtilis. The IL-2 gene was under the control of the B. subtilis promoter P156, an early promoter isolated from the phage SP82, and a synthetic ribosome-binding-site sequence (detailed construction of this will be published elsewhere). Plasmid pHCW301 was generated by inserting the cry-derived terminator fragment into the Stu I site in its native orientation. The structure of these plasmids is shown in Fig. 2 mRNA species. We have tested the terminators from two additional bacterial genes that encode stable mRNAs, the lpp gene of E. coli and the ery gene from the Staphylococcus aureus plasmid pE194. The mRNA half-lives for these genes were reported to be 11.5 and >22 min, respectively (25, 26 Based on data presented here, we propose that the stemand-loop structure in the mRNA, which corresponds to the inverted repeat sequence in the cry retroregulator fragment, is the sequence that enhances the mRNA stability. This hypothesis is supported by the observation that the enhancement activity of the retroregulator fragment is independent of its orientation of insertion with respect to the target gene. When present in either orientation, the only identical sequence present between the two respective transcripts is the inverted repeat involved in base pairing to form the stem in the mRNA. Secondary structure in mRNA has been implicated in its metabolism, for example, and an inverted repeat sequence has been identified in the rxcA transcript from Rhodopseudomonas capsulata, which may be responsible for the differential expression of the photosynthesis gene (27) . On the other hand, the cry terminator is different from the Tj terminator of bacteriophage 4X174 that have also been found to affect the mRNA stability of fusion gene (28) . In the case of the Tj terminator, deletion and insertion studies indicated that the hairpin structure is not the primary requirement for the enhancing activity.
The metabolism of bacterial mRNA has been the subject of considerable study (ref. 29 and references listed therein), but the factors that determine mRNA stability are not well understood yet. A number of ribonucleases have been identified in E. coli (30) (31) (32) . However, their physiological roles in mRNA degradation and RNA processing are still unclear. Although there are implications that RNase III is involved in the retroregulation of theA int gene, our analysis of the penP and penP-cry chimeric mRNAs indicates that it does not participate directly in the enhancement effect mediated by the cry gene retroregulator (see Table 1 ). If, as we propose, the cry terminator fragment stabilizes mRNA through the incorporation of the stem-and-loop structure into the 3' end of the mRNA of the target genes, our data suggest that the degradation of the cry, penP, and IL-2 mRNAs in E. coli and Bacillus is primarily mediated by 3'-to-5' exonucleases.
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